The bend and free recovery (BFR) test according to ASTM F2082 is a standard method to determine the transition temperatures of Nitinol shape memory alloys (SMAs). Unfortunately, this standard method is limited to SMA wires which are straight in its trained shape. Thus, the standard BFR test is not suitable for thermomechanical characterization of curved Nitinol SMA wires which should serve as actuators in cochlear implants in future. We developed a modified BFR measurement setup to determine the active austenite finish (AF) temperature of these very thin wires (100 µm). The active AF temperature specifies the completion of the shape recovery upon heating. A parametric study of the measurement setup was carried out to investigate the influence of the heating rate on the observed active AF temperature and to verify the repeatability of the measurement setup. First, the curved wire was straightened in a cold water bath before inserting it into a water bath that is gradually heated from 5 °C to 45 °C. The shape change of the previously straightened wire was then recorded throughout the experiment using a digital microscope. Five different heating rates were employed: 0.25 K/min, 0.33 K/min, 0.5 K/min, 1 K/min as well as an unregulated maximum heating rate achievable of approximately 1.5 K/min. Furthermore, an investigation on the test-retest reliability was performed with three wires by repeating the experiment ten times with each wire. The results of this study revealed no influence of the heating rate on the thermomechanical response of the wires. Based on data from this study, a regulated heating rate of 1 K/min is suggested for future investigations, as this reduces the duration of the measurement from four hours to less than an hour. The values obtained from each wire through the test-retest reliability investigation showed a standard deviation of 1.9 K, 1.1 K and 2.1 K respectively. Our developed measurement setup demonstrates appropriate repeatability of the measurements.
Introduction
Nitinol (NiTi) is a shape memory alloy (SMA) with the ability to return to a pre-defined shape when heated after being plastically deformed at lower temperatures. Besides the biocompatibility of NiTi, its shape memory effect (SME) makes it attractive for the use as an actuator in medical applications such as in cochlear implants (CIs). CIs are used to treat deafness or severe hearing loss by electrically stimulating the auditory nerve within the inner ear (cochlea). The spatial proximity of the electrode array plays an important role and this may be achieved in various ways such as a pre-shaped geometry of the electrode carrier itself [1] or through actuation [2] [3] [4] . Thus, actuation with the help of a NiTi wire trained to a curved shape is proposed here.
Besides being able to train the NiTi wire to a specific geometry, transition temperatures of the material need to be determined. The transition temperatures are temperatures at which the material changes from the martensite state (deformation at lower temperatures) to the austenite state (reverse deformation at higher temperatures). The active austenite finish (AF) temperature depicts the completion of the shape recovery upon heating [5] , and it is of high interest when utilizing these NiTi wires as an actuator in CIs.
One of the experimental methods used to determine the austenite temperatures is through a standard test method described by the American Society for Testing and Materials (ASTM) as the "bend and free recovery" (BFR) test [6] . However, this test is limited to NiTi wires that display a straight trained shape and it is based on contact methods to measure the shape change of the material. Therefore, we developed a measurement setup to determine the active AF temperature of curved NiTi wires.
Material and Methods

Shape Memory Alloy actuators
NiTi wires (hereinafter referred to as 'NiTi inlay') with a diameter of 100 µm and a Nickel content of 50.8 at.% were manufactured (by G.RAU GmbH & Co. KG, Pforzheim, Germany) and trained to a two-dimensional curved shape shown in Figure 1 . This shape was derived from a specific human cochlea geometry by a manual microgrinding technique followed by an image registration and segmentation process [7] [8] .
According to the differential scanning calorimetry (DSC) received from the manufacturer, the austenite start (AS) and AF temperatures of the NiTi inlays are 29.9 °C and 32.4 °C correspondingly.
Measurement setup and procedure
A measurement setup based on the standard BFR test [6] and inspired by the work of Undisz et al. [9] was developed to determine the active AF temperature of the NiTi inlays. Due to the geometry and size of the NiTi inlays, a non-contact visual method was used for the measurement setup.
The setup ( Figure 2 ) consists of a water bath tank which is equipped with a digital heating thermostat (LAUDA ET 20G, Lauda Dr. R Wobser GmbH & Co. KG, Lauda-Königshofen, Germany), a digital microscope camera (DinoLite), a thermocouple (OMEGA Engineering, Mini Hypodermic Probes, HYP1-30-1/2-T-G-60-SMPW-M) for temperature acquisition near the NiTi inlay and a 3D-printed shaft to mount the NiTi inlay holder used to fixate the NiTi inlay. Furthermore, a measurement grid served as an image background.
After fixating and aligning the NiTi inlay to the inlay holder, it was manually straightened using lab tweezers in a separate cold water bath that is at least 2°C. The straightened NiTi inlay is then mounted to the shaft inside the water bath tank. The setup design allows the NiTi inlay to freely move once it is placed inside the water bath. The water bath tank had an initial temperature of at least 4.5 °C.
Using the digital heating thermostat, the water bath was then heated from 4.5 °C to 45 °C gradually with a constant predefined heating rate. Simultaneously to the heating of the water bath, the shape change of the NiTi inlay was recorded using a digital microscope camera with an image acquisition rate of 20 images per Kelvin. The temperature near the NiTi inlay was continuously recorded using a thermocouple during the experiment. The AF temperature of the NiTi inlay is then determined subjectively by scanning the sorted images according to the recorded temperatures until no further shape change is visible in the acquired images. 
Thermomechanical characterization
To investigate the influence of the heating rate on the determination of the transition temperatures, five different heating rates were carried out: 0.25 K/min, 0.33 K/min, 0.5 K/min, 1 K/min. The maximum heating rate achievable with the digital thermostat (later determined to be approximately 1.5 K/min) was also explored. Each heating rate was investigated using different NiTi inlays of the same material properties and batch. Additionally, two of the investigated NiTi inlays were heated at the maximum controlled heating rate of 1 K/min. After investigating the influence of the heat rate, an evaluation on the test-retest reliability was carried out by performing the experiment ten times with three NiTi inlays. The heating rate for this investigation was set to 1 K/min based on the results obtained from the previous experiments carried out with NiTi inlays at different heating rates.
Results
Measurement setup
A non-contact method to record the shape change of the NiTi inlays between 4.5 °C and 45 °C was able to be achieved with measurement setup developed. All NiTi inlays were able to be successfully tested using the measurement setup developed. The straightening of the NiTi inlays in the cold water bath was also possible.
However, difficulty in achieving a consistent homogenous straightening of the NiTi inlay was observed. Although the condition of the NiTi inlay varied after straightening, this did not affect the ability of the NiTi inlay to return to its trained geometry as seen in Figure 3 . Due to the water current generated by the water pump of the digital heating thermostat, motion displacement of the freely hanging NiTi inlay was seen between the images acquired.
Influence of heating rate
The achieved active AF temperatures at different heating rates were observed (Figure 4 ). No visible pattern or correlation between the heating rates and the determined active AF was seen.
The difference in the active AF temperatures observed between two different heating rates for the same NiTi inlay (depicted as Inlay 1 in Fig. 4 ) is 1 K. The same difference was also seen by heating a NiTi inlay twice at the same heating rate. Due to the results achieved, the maximum controlled heating rate of 1 K/min was chosen for all further experiments.
Test-retest reliability
Results obtained from the earlier investigation were taken into consideration in the experiments to investigate the testretest reliability. This study revealed the following results shown in Figure 5 . The average AF temperature values obtained for each NiTi inlay were 36.0 ± 1.9 K, 33.7 ± 1.1 K and 34.1 ± 2.1 K, correspondingly. The difference between the maximum and minimum active AF temperature observed over all experiments performed within this study is 7.5 K.
Discussion
We developed a non-contact visual measurement setup within the workgroup to determine the active AF temperature of curved NiTi inlays. The NiTi inlays were trained to a curved shape that was derived from a specific human cochlea geometry. The thermomechanical process was performed by the manufacturer in a way that the wires return to its trained shape after deformation when exposing the wire to temperatures above 32 °C. To verify this, a measurement setup based on the BFR test was developed [6, 9] . This parametric study to characterize the measurement setup showed that further improvement on the straightening of the NiTi at lower temperatures below 5 °C is needed. This is to ensure that the NiTi inlays display a uniform straightened shape within all experiments carried out. Reduction of the water current within the water bath tank also needs to be considered to obtain images that only show the shape change of the NiTi inlays.
Changing the heating rate did not show any visible trend, which can be explained by the non-uniform straightening of the NiTi inlays within the experiments performed. The active AF temperatures observed using the developed measurement setup were higher than the AF temperature specified in the DSC curve from the manufacturer. This can be explained by the data interpretation made between both methods to determine the AF temperature. Therefore, the AF value in the DSC curve only provides orientation to the scope in which the AF temperature of the NiTi inlays can lie. With the use of the developed measurement setup, it is also possible to determine the active AF temperature that is more realistic for the desired clinical application.
